Pfiesteria piscicida Steidinger & Burkholder has been suspected as the causative agent in a number of fish health events and fish kills since the early 1990s in several estuaries of North Carolina and Maryland on the east coast of the United States (1) (2) (3) (4) . Human health effects have also been associated with exposure to P. piscicida in the laboratory and with exposure to waterways in which P. piscicida has existed in a toxic state (5, 6) . A newly described species, Pfiesteria shumwayae, has also been found to be toxic (7) , and additional related species often found in association with Pfiesteria are being investigated for their possible role in fish health problems. In this article, the term Pfiesteria-like organisms (PLOs) refers to the different species of Pfiesteria as well as closely related dinoflagellates suspected of having impacts on fish health.
In the spring of 1997, the State of Maryland established an ad hoc monitoring program to assess environmental conditions in response to serious fish health and human health problems associated with waterways on the mid-Delmarva Peninsula, which lies between the Chesapeake Bay and the Atlantic Ocean. This monitoring program was expanded during the summer as additional evidence emerged that P. piscicida was in an actively toxic state in the monitored waterbodies (4) and that individuals who came in contact with these water bodies exhibited neurologic deficits (6) . The monitoring effort provided information that helped the Governor and other state and local government officials to determine whether waterways should be closed because of potential P. piscicida-related risks to human health. During the summer and fall of 1997, three waterways in Maryland were closed during and after active toxic outbreaks documented by the new monitoring efforts (4) .
The fish and human health concerns in Maryland, and previously documented fish health problems associated with P. piscicida in North Carolina, led several east coast states, where the presence of Pfiesteria had been confirmed or suspected, to establish additional monitoring capabilities in 1998. These additional programs were supported by new federal and state resources made available in the wake of problems that Maryland experienced in 1997. Some of the new monitoring was built upon existing programs being conducted for different purposes. A number of states also entered into cooperative arrangements with research initiatives to more efficiently and comprehensively monitor Pfiesteria populations and the conditions associated with them.
In this article I provide an overview of the Pfiesteria-related monitoring approaches undertaken since 1998 by Maryland and five additional east coast (USA) states.
States Involved in PLO-Related Monitoring Programs
The monitoring programs reviewed in this article include those of six east coast states:
Maryland (MD), Delaware (DE), Virginia (VA), North Carolina (NC), South Carolina (SC), and Florida (FL) (Figure 1 ). Each state undertook PLO-related monitoring programs no later than 1998 and each has continued some level of monitoring since then, although changes have been initiated for various reasons, including advances in scientific methods and changes in funding.
In each of the six states, at least one Pfiesteria species has been found and some degree of policy attention and new research have been directed toward PLOs. Each of these states has a "hotline" operated 24 hr per day to receive calls about fish kills, fish health events, or human health problems that could be associated with PLOs. Four of the six states-MD, DE, VA, NC-have written policies that provide guidance for determining when water bodies may constitute a public health risk because of the possibility that Pfiesteria species are in a toxic state. When that happens, the water bodies are temporarily closed to boating, fishing, and other recreational or commercial activities. The six states have also been selected by the Centers for Disease Control and Prevention for surveillance of possible estuary-associated syndrome, a set of criteria used to screen for individuals who may have experienced a common set of medical problems following exposure to estuarine waters (8) . Three states, MD, VA, NC, are also conducting epidemiological studies to examine possible relationships between Pfiesteria and human health.
Monitoring for PLOs has been conducted in a number of other east and gulf coast
In response to potential threats to human health and fish populations, six states along the east coast of the United States initiated monitoring programs related to Pfiesteria-like organisms in 1998. These actions were taken in the wake of toxic outbreaks of Pfiesteria piscicida Steidinger & Burkholder in Maryland during 1997 and previous outbreaks in North Carolina. The monitoring programs have two major purposes. The first, rapid response, is to ensure public safety by responding immediately to conditions that may indicate the presence of Pfiesteria or related organisms in a toxic state. The second, comprehensive assessment, is to provide a more complete understanding of where Pfiesteria-like organisms may become a threat, to understand what factors may stimulate their growth and toxicity, and to evaluate the impacts of these organisms upon fish and other aquatic life. In states where human health studies are being conducted, the data from both types of monitoring are used to provide information on environmental exposure. The three elements included in each monitoring program are identification of Pfiesteria-like organisms, water quality measurements, and assessments of fish health. Identification of Pfiesteria-like organisms is a particularly difficult element of the monitoring programs, as these small species cannot be definitively identified using light microscopy; newly applied molecular techniques, however, are starting to provide alternatives to traditional methods. State monitoring programs also offer many opportunities for collaborations with research initiatives targeting both environmental and human health issues related to Pfiesteria-like organisms. 
Objectives of PLO-Related Monitoring Programs
All six states reviewed here have similar objectives for the monitoring of regions that may be susceptible to toxic outbreaks of Pfiesteria. The commonality of objectives has evolved from common information needs and active participation by these six states in a number of regional forums on monitoring and policy issues since the toxic outbreaks of P. piscicida in Chesapeake Bay in 1997. These objectives are linked to two major purposes for conducting this type of monitoring. The first major purpose is to ensure public safety by responding immediately to conditions that may indicate the presence of Pfiesteria in a toxic state. This type of monitoring is referred to here as "rapid response" monitoring. It is conducted in response to information received by a state's hotline, routine monitoring programs, or other sources. The objectives of this type of monitoring are 3-fold:
• to protect human health by identifying potentially toxic PLO outbreaks • to diagnose fish health or fish kill events • to provide data for human health studies
The second major purpose of PLOrelated monitoring is to provide a more complete understanding of where Pfiesteria and similar organisms may become a threat, to understand what factors may stimulate their growth and toxicity, and to evaluate the impacts of these organisms upon fish and other aquatic organisms. This type of monitoring is referred to here as "comprehensive assessment" monitoring. The objectives of this type of monitoring are 5-fold:
•
Elements of PLO-Related Monitoring Programs
The PLO-related monitoring programs for each state contain a number of common elements even though the specific measurement techniques, numbers of stations, level of effort, etc., may vary between states. Furthermore, many of the new monitoring elements for PLO-related issues have been added to and integrated with existing estuarine monitoring programs that differ among states. Some states have also enhanced watershed monitoring efforts in response to PLO issues to examine pollutant loading sources; those efforts will not be discussed here.
In this section I summarize the common monitoring design elements, discuss reasons for including them, and, where appropriate, point out some of the approaches being pursued.
PLO Species Identification
Fundamental to each of the monitoring programs is the identification of PLOs. This aspect of the programs has been very dynamic, as Pfiesteria spp. are newly described and a number of the similar species sometimes found in association with Pfiesteria or fish health events have not yet been named or fully described. Because Pfiesteria and PLOs are relatively small, the features needed for species identification are not visible using light microscopy. Therefore, species identification must often be made using laborious scanning electron microscopy (SEM) procedures following culturing to increase cell densities beyond that which existed at the time of collection. Newly applied molecular identification techniques, however, are rapidly changing the options available to identify PLOs (9-11).
Currently, a combination of the available techniques is required to meet monitoring objectives. Light microscopy provides a rapid tool (within 24 hr in most cases) to determine whether densities of PLOs are sufficient to potentially be harmful. It is assumed that any Pfiesteria cells would be enumerated by this technique and, therefore, if densities are lower than about 100 cells/mL, investigators generally conclude that there is no serious threat to fish or human health at the time of sample collection. Higher densities of cells may pose a threat, but because definitive identification cannot be performed with light microscopy, additional techniques are needed to clarify species identification and toxicity. Epifluorescence light microscopy can be used to distinguish between heterotrophs and autotrophs, thereby helping to eliminate from the enumerations autotrophic species morphologically similar to Pfiesteria. Pfiesteria is a heterotroph but can function as an autotroph if it sequesters chloroplasts from its prey (12); therefore, care must be used in applying this technique and interpreting the resulting data. Cell densities must also be cautiously interpreted if they are from samples not collected while a fish kill is in progress or after fish lesions have been initiated. Field samples are often taken after a kill has occurred or when lesions show signs of being days to weeks old. Given the "ambush predator" nature of Pfiesteria, it is very likely that cell densities in the water column can drop significantly in the hours and days following a toxic event.
Light microscopy is the only technique currently used by state agencies to provide densities of PLOs. Because these are not the only data needed to make decisions about the potential toxicity of a water body, the counts are used simply as a first step in a rapid response evaluation. If light microscopy reveals significant densities of PLOs, this finding can lead to further processing of samples. Methods for doing so may include the use of molecular techniques, bioassays to develop sufficient densities for SEM identification, and bioassays to determine toxicity to fish. In some rapid response protocols, such as those used in Maryland, samples are sent immediately for testing using molecular techniques so that both light microscopy counts and molecular identification results are available within 24 hr. Decisions about whether to start more lengthy and laborious bioassays typically await the results of PLO counts and, more recently, molecular identification results. In some state comprehensive assessment programs, such as those in Virginia, where Pfiesteria distributions are being studied, PLO counts have been used to screen for samples that will undergo more detailed testing for species identification.
In areas of potential Pfiesteria toxicity, as indicated by fish or human health problems and positive results from light microscopy and/or species identification using molecular techniques, bioassays can be used to further evaluate samples for species identification and toxicity. Incubation of samples with algal prey suitable for PLOs in the presence of fish is the only method currently available to determine if the sample contains toxic strains of Pfiesteria (13, 14) . After incubation, Pfiesteria and other PLOs can be identified by either molecular techniques or SEM. Bioassays using algal prey in the absence of fish are believed to be unreliable for detecting toxic Pfiesteria strains (13, 14) . It is important to start bioassays as soon as possible following field collection because physiological changes (e.g., encystment) occur in a matter of hours to days, thereby delaying the expression of toxicity in bioassays even if the population was actively toxic when collected (13) .
Molecular identification techniques for PLOs are advancing rapidly and offer the benefits of species-specific identification in less than 24 hr if needed (10, 11) . These techniques have been integrated into most state monitoring programs over the past 2 years. In Maryland, molecular techniques have been used routinely since 1999 to quickly identify the two species of Pfiesteria in rapid response events and to identify Pfiesteria in samples of water and sediment that are taken to meet comprehensive assessment objectives. These techniques also offer the promise of providing semiquantitative information (e.g., cells/mL) in the near future (11); this would be a great benefit to state monitoring programs, as it would eliminate some of the uncertainty that exists in PLO density determinations using light microscopy. If the gene expression underlying Pfiesteria toxin production were determined, molecular assays targeting toxicity-associated mRNA transcripts could also, theoretically, lead to methods that distinguish between toxic and nontoxic states (15) .
Water quality. All six states routinely sample water quality as part of their PLOrelated monitoring programs. An understanding of water quality is critical to a number of objectives for both the rapid response and comprehensive assessment monitoring. For rapid response monitoring, water quality measurements for variables that can be determined immediately by in situ probes (dissolved oxygen, pH, temperature, salinity) can aid in the identification of causes of fish health or fish kill incidents. Nutrient and chlorophyll measurements taken during either rapid response or comprehensive assessment monitoring can be used to evaluate associations between these variables and PLOs. Maryland has also included in comprehensive assessments the determination of phytoplankton biomass by horizontal in situ fluorometry to assess longitudinal patterns of phytoplankton biomass within river systems. These longitudinal assessments of phytoplankton biomass maxima are important because both PLOs and Atlantic menhaden (Brevoortia tyrannus), a fish associated with Pfiesteria during fish kills and lesion events (1) (2) (3) (4) , have been associated with elevated phytoplankton biomass (4, 16) . Sampling of water quality for comprehensive assessment has generally been conducted at weekly to monthly intervals except during winter months in temperate climates. More recently, a number of states have added continuous in situ monitors to capture short-term events such as low dissolved oxygen excursions and flow-related changes that may be important influences on PLOs and fish health.
Fish health. All six states have the capability to respond to fish kills and fish health events. These capabilities were in place long before PLOs were an issue. Yet certain fish health events, such as lesioned Atlantic menhaden, have led a number of states to give increasing attention to these incidents; they have increased their staffs and added boats and other resources to help them conduct a much larger number of investigations with a more comprehensive suite of measurements at the event site. For example, additional protocols have been developed to record and manage data related to externally visible anomalies.
Because Atlantic menhaden have been the fish most often associated with toxic Pfiesteria events, much of the new fish monitoring effort has been directed to this species. Sampling of menhaden has required the use of cast nets, often the most effective way to capture the small young-of-the-year during summer; they are not captured efficiently in the larger mesh typical of other gear such as trawls or fixed nets. Typical data recorded from fish sampling programs include species, length, and category of externally visible anomaly if present. Tissue samples may be taken for pathological investigations, depending upon the circumstances.
Conclusions
Each of the six states included in this article has responded to the potential threats posed by PLOs by increasing monitoring efforts. Because these states have common information needs and have been participating in regional conferences and workshops, the monitoring programs have been developed with similar objectives and monitoring designs. Despite the commonalities, however, unique circumstances and opportunities in each state have led to differences in the programs. For example, sampling locations in each state have been chosen on the basis of local concerns such as areas that have experienced fish or human health problems or areas that have conditions such as poor flushing and nutrient enrichment that are thought to favor PLOs. In most cases the new monitoring programs have also been linked to existing state monitoring programs. This link provides opportunities for efficiencies, but it also creates limitations due to differing objectives. Most of the new state monitoring programs also rely on the expertise of local researchers, especially for the identification of PLOs. The result has been productive collaborations, providing the states with leading-edge measurement techniques and giving the researchers access to environmental samples for testing new identification procedures and other experimental studies. Several states send samples to multiple laboratories so that results can be compared and used to improve procedures. There are also a number of strong collaborations between state monitoring programs and harmful algal bloom research, such as that supported by the federal Ecology and Oceanography of Harmful Algal Blooms (ECOHAB) program. These collaborations provide an opportunity to utilize state monitoring data to help answer a number of basic research questions concerning PLOs by complementing the more site-specific or experimental research approaches. This combination of comprehensive monitoring information and targeted experimental approaches will be needed to answer the many complex questions about factors that stimulate PLOs and to provide information about their impacts upon fish and other aquatic resources.
